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Abstract
A novel full height pilot plant has recently been built at SINTEF in Trondheim, Norway. The plant is designed by 
SINTEF and is based on the experience from building and operating two smaller pilot plants and long term research 
on absorption processes. The plant is erected inside a new 11 floor building giving full access to all parts of the plant 
and stable ambient conditions. This unique test facility has been erected as part of the SOLVit project, an eight years 
R&D program where SINTEF, NTNU and Aker Clean Carbon work together to develop novel solvents for CO2
capture. 
In the plant the energy requirement and necessary absorber height might be demonstrated directly, and 
optimal loading and circulation rates may be found for the different solvents. Long-term degradation of amines and 
solvent replacement rate are also studied. The plant is designed for unmanned and remote operation. The layout 
provides flexibility with regards to operating conditions, and facilitates various design changes, if necessary, in a 
later stage of the project.
The plant operation started with a base-case campaign with 30 wt% MEA in April 2010. Afterwards the 
new solvents in SOLVit will be tested. The results show so far show very good mass balances and a comparison 
with simulations gives very well accordance.
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1 Pilot plant design
1.1 General
The CO2 absorption process is a cyclic temperature swing process with CO2 absorption in a lean solvent at relative 
low temperature, followed by CO2 stripping of rich solvent at higher temperature. The design philosophy has been 
to build the plant as similar to an industrial unit as possible, but keeping the operational costs down. The absorber 
therefore has 19.5 m height of structured industrial packing but is only 20 cm in diameter. This height is required 
for demonstration of 90% CO2 capture with low energy solvents. The plant is designed for superficial gas velocities 
and liquid loads in a wide range of values, depending on solvent characteristics. The plant will thus have similar 
hydrodynamic conditions and obtain temperature profiles, rich and lean loadings and recoveries very close to 
industrial columns. On the other hand, the plant only requires 0.5 m
3
of solvent, which is important when exploring 
new and sophisticated solvents.
In addition to giving experimental values for specific reboiler duty in MJ/kg CO2, and measurement of 
necessary absorber height with novel solvents, an important issue is to give accurate data for verification of 
simulation models developed in SOLVit and implemented in CO2SIM, an in-house simulation software developed 
at SINTEF/NTNU. The plant is consequently very well instrumented and controlled. For instance it has more than 
90 temperature sensors giving online information of temperature profiles including possible flashing in pipes and 
heat exchangers. For simulation it is also crucial to have very well defined gas and liquid streams as input to the 
simulator. For example, the preconditioning system gives a well defined gas stream into the absorber with respect to 
gas composition, humidity, pressure etc. In order to go rapidly from one experimental steady state condition to 
another the process control system is relatively sophisticated, e.g. it employs on-line estimators of rich and lean 
loading in the control loops.
a)                                     b)                                               c)
Figure 1: a) The new SINTEF building hosting the pilot plant. b)  Sketch of the plant c)The absorber and 
desorber.
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1.2 Flue gas pre-treatment
The flue gas pretreatment is performed by direct contact cooler/conditioner (DCC) to get well defined humidity and 
temperature of the feed gas to the absorber. The DCC is an absorption column with structured Mellapak 2X (inner 
diameter 26 mm). The liquid sump of the conditioning column is level controlled; water can be withdrawn or de-
ionized water can be added to the sump. A high pressure fan (500 m3/h) is positioned downstream the DCC. An 
electric heater is installed upstream the blower/fan in order to avoid droplet or condensate transferred to the 
blower/fan inlet. The blower/fan will liberate heat to the gas; the heat is removed in a cooler upstream the absorber. 
Both the degree of saturation and the feed gas temperature can therefore be controlled under a wide range of 
operational conditions.
1.3 Absorption system
The absorption column has 200 mm inner diameter and is equipped with 19.5 meter structured Mellapak 2X packing 
divided into 4 sections. Liquid distributor and redistributors sections of similar design (in-house SINTEF design) 
are installed between each section. Lean amine with high absorption rate can alternatively be fed to section no. 3 to 
reduce the packing height to 14.9 m and the solvent residence time which influences the degradation rate of the 
solvent. In the upper part of the column (above the 4th absorption section) 2 water-wash sections each with 1.8 and 
1.6 m structured Mellapak 2X packing are used to remove amine vapour in the flue gas. Demisters (Becoil H, Begg 
Cousland) are fitted above the upper lean solvent distributor and above the upper water distributor to remove 
entrained droplets. An intercooling system has been installed to lower the solvent temperature to the lowest section 
to increase rich loading. 
The high pressure fan has a capacity to reach a gas velocity of above 4 m/s ( 2/h) in the absorber 
inlet, which is calculated to be around the flooding point. The solvent flow rate must be adjusted to the CO2 capture 
requirement. The maximum solvent flow rate is 1200 l/h.
The column is instrumented with temperature sensors every meter, and pressure sensors below each packed 
column sections and above the upper water wash section. Each of these sections is designed for representative 
sampling of gas and liquid.
Make-up water to the water-wash can either be condensate from the stripper and/or absorber, or added 
fresh process water. Surplus wash water will be withdrawn to a separate tank and might also be treated to remove 
ammonia before the water is added to the solvent.
1.4 Solvent regeneration system
The solvent regeneration system consists of reboiler, desorption column and 2 condensers to separate stripped CO2
and water/amine vapour. Recovered CO2 will be discharged to the atmosphere, or recirculated to the feed gas system 
upstream the humidifier in order to increase the CO2-concentration to meet coal case conditions. Lean solvent from 
the reboiler is heat-exchanged with rich solvent from the absorber, the lean solvent temperature is adjusted, and the 
solvent is ready for re-use in the absorber. 
The reboiler has a gross volume of 500 litres and a maximum duty at existing voltage of 60 kW. From a
known relationship between temperature, CO2 concentration and solvent density, the reboiler duty can be controlled 
based on density measurement to reach a given loading of lean amine. Vapour flow rate from the reboiler to the 
desorber inlet is measured by a Coriolis flowmeter, which will give the mass flow in kg/h. This parameter can be 
used in energy balance calculations.
The stripper column has an inner diameter of 162 mm, and a total packing height of 13.6 meters structured 
Mellapak 2X packing consisting of 3 sections with solvent distribution/redistribution between each sections. The 
liquid distributor and redistributors sections are of similar design as in the absorber. The stripper column is equipped 
with temperature measurement every meter and pressure measurement below each section and above the upper 
section. To prevent CO2 flashing in rich amine feed, a pressure control valve is installed in the rich solvent feed line 
to ensure one-phase flow upstream the valve, followed by a flash tank to separate vapour and solvent. It is also 
possible to by-pass the reduction valve and shut the gas line from the flash tank. Liquid from the separation vessel 
enters the liquid distributor in the stripper, and vapour the bottom of the water wash section. Visual observations of 
these streams are accessible through sight glasses. 
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The upper part of the stripper column has two water-wash sections similar to the water wash in the 
absorber. Feed water is provided entirely as condensate from the condensers. The condensate outlet from the wash 
section can either be returned to the top of the desorber column, to the lean solvent downstream the reboiler, or as 
feed water to the wash sections in the absorber. Demisters are fitted above the upper (rich) solvent distributor and 
above the upper water distributor to remove entrained droplets.
2 Results from the MEA Campaign
The campaign with 30wt% MEA was performed during 14 weeks from April to July 2010. The last 10 
weeks the pilot was running almost continuously including also the week-ends. It is possible to control the process 
from a remote desktop connection, making the runs less work demanding. Normally during night and week-ends 
only the water balance in the absorber had to be followed up and corrected for.
During one run the basic parameters such as gas flow rate, inlet CO2 concentration, liquid circulation rates, 
and reboiler duty, were typically set at constant values. After several hours when the process had reach steady state 
conditions, liquid samples were taken. The process variables were then averaged over typically 30-60 minutes. 
We experienced some problems with high degree of flashing in the liquid feed line to the desorber. This 
could give rise to quite oscillating behaviour in the process. By modifying the feed line most of the problems were 
resolved, and especially towards the end of the campaign a lot of good data were obtained.
However, as a post treatment procedure, all the runs were checked during the averaging period for 
oscillation and steady state conditions, and graded accordingly.
2.1 Feed concentrations
All together 71 runs were performed. In figure 2 the CO2 concentrations of the inlet gas to the absorber is 
shown for the different runs. The exhaust gas was provided by a propane gas burning giving approx 8% CO2.
Concentrations typical for both natural gas exhaust and coal exhaust by was provided by either diluting the exhaust 
gas with additional air or by sending some of the product CO2 gas back into exhaust gas prior to the gas 
conditioning. The control system controlled the CO2 level very well, and a change in set point would typically take 
about 15 minutes.
          Figure 2 Gas CO2-concentrations into the desorber            Figure 3 Rich/Lean heat exchanger
2.2 Heat exchanger
In figure 3 the temperature difference in the lean/rich heat exchanger on cold and hot side is shown. The 
temperature approach on the cold side is very low (an average of 4-5 °C) indicating a very efficient heat exchanger. 
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On the other hand, the temperature approach is about 10 °C on the hot side. The runs with high temperature 
difference on the hot side correspond to those with a high degree of flashing in the heat exchanger. The flashing was
confirmed by observations in the inspection glass in the hot rich line out from the heat exchanger and also further 
temperature drop in the feed line up to the top of the desorber. 
2.3 Mass balances
In figure 4 the mass balances for the runs are shown. The uptake of the CO2 from the exhaust gas was 
calculated using on-line measurement of CO2 before and after the absorber packing and by assuming water 
saturation in the DCC. The liquid uptake was calculated by using the on-line flow measurements of lean and rich 
flow (kg/min) and the corresponding CO2 concentrations (mol/kg) in the liquid analyzed offline. The product gas 
CO2 stream was measured on-line with the Coriolis flowmeter (kg/h) assuming saturated water vapour out of the last 
condenser.
As may be seen, except for the runs were the Coriolis meter did not work properly, the accuracy of the 
mass balance were very good, even for some the cases that had high a degree of oscillation. Most of the runs had 2-
5% deviation; only 6 runs were above 10 % deviation.
Figure 4 Comparison of the mass transfer of CO2 for each of the 71 runs.
2.4 Optimal liquid circulation rate
In figure 5 the specific reboiler duty is shown for different liquid flow running with 4% CO2 dry in the 
absorber feed gas. The specific reboiler duty is measured to be 4.2 kJ/kg CO2. The production rate kg CO2/min 
were calculated as a mean of the 3 values shown in figure 4. The data show that the optimal flow rate is around 6-7
kg/min for the cases. 
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Figure 5. Specific reboiler duty for some runs with natural gas exhaust.  
2.5 Emissions measurement campaign
As part or the benchmarking campaign with 30wt% MEA, an emissions measurement was performed after 
approximately 3 months of operation with the same solvent. The solvent should thus be subject to some degradation 
and accumulation of impurities, all factors that may influence emissions in a real plant. Efficiency of the water was 
system was an important part of these measurements, including detection of MEA and volatile degradation products 
like ammonia and alkylamines. Samples from the emission campaign were also analysed for nitrosamines. Factors 
influencing the efficiency of a single washing stage include make up water flow, temperature and amine 
concentration in the circulating wash water. Amine is captured in the water wash by two mechanisms; 
absorption/mass transfer and condensation. The latter is very important and it is advantageous to operate the water 
wash as a cooler for the treated gas. It is also advantageous to have a certain concentration of MEA in the water 
wash bleed. The results from emissions measurements show that MEA emissions are lower than 0.4 ppm, ammonia 
emissions around 20 ppm. No nitrosamines were found in the emissions. Given some restrictions on plant water 
balance, there is a flexibility in how to operate the water wash system, which is further increased by having two 
stages in series. The results show that both washing stages are efficient in controlling amine emissions to very low 
levels, in principle below 0.1 ppm with more cooling and make-up water.
3 Excerpts of simulation results from the MEA campaign
The CO2SIM simulator was compared against the results of the Tiller pilot campaign for the 30wt% 
monoethanolamine (MEA) solvent. The data extraction feature in CO2SIM was used to extract all stream and unit 
operation data from each sampling run. Firstly, the absorber was simulated with the same input stream data as 
measured from sampling and analysis and, subsequently, the outlet values were compared in a batch operation. 
Secondly, the regeneration section was simulated in the same manner. 
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Figure 6: Experimental CO2 mass transfer based on the vapor side in the absorber compared to simulated.
In Figure 6 the experimental CO2 mass transfer based on the vapor side in the absorber compared to simulated
findings are shown in a parity plot. It can be seen here that the simulator slightly overpredicts in a systematic 
fashion. 
Figure 7: Temperature profiles for one of the natural gas cases
In Figure 7 is shown a plot of the temperature profile for run 33. A good mach is seen here between simulation and 
experimentally measured temperature points. It can be noted that this was one of the natural gas cases, which shows 
a significantly smaller bulge compared to the coal cases.
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3.1 Evaluation of the regeneration section
The amine regeneration section consisted of the a simplified flow diagram of the rest of the plant except for the 
absorber. The experimental inlet stream to the heat exchanger was used as initial stream values, and the rest of the 
unit operations were specified according to the plant specifications. The simulated heat exchanger was compared on 
a cold approach basis and the reboiler duty was used as input. Figure 3 is shown the experimental CO2 content 
outlet product gas compared to the simulated outlet values. As can be shown, there simulated results shows good 
agreement with the pilot data. 
Figure 1: Experimental CO2 content outlet product gas compared to simulated when the “regeneration section” is simulated
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